Background: Consumption of snacks might contribute to the obesity epidemic. It is not clear how the moment of consumption and energy density of snacks can influence the compensatory response to consumption of snacks in the long term. Objective: To investigate the effects of snack consumption for 8 weeks on changes in body weight, emphasizing on moment of consumption and energy density. À2 )) were randomly assigned to one of four parallel groups in a 2 Â 2 design: snacks consumed with or between meals and snacks having a low (o4 kJ g À1 ) or high (412 kJ g À1 ) energy density. For 8 weeks, subjects consumed mandatory snacks that provided 25% of energy requirements on each day. Body weight, body composition, physical activity level (PAL) and energy intake were measured in week 1 and week 8. Results: There were no differences in changes in body weight between the four groups. Moment of consumption (P ¼ 0.7), energy density (P ¼ 0.8) and interaction (P ¼ 0.09) did not influence body weight. Similarly, there were no differences in changes in body composition, PAL and energy intake between the four groups. Conclusions: Body weight after 8 weeks of snack consumption was not affected by moment of consumption and energy density of snacks. This finding suggests that consuming snacks that are high or low in energy density does not necessarily contribute to weight gain. Healthy, nonobese young adults may be able to maintain a normal body weight through an accurate compensation for the consumption of snacks.
Introduction
It is often suggested that the consumption of snacks is an important contributor to the obesity epidemic. This suggestion is supported by some experimental studies that indeed show that consumption of foods between meals does not lead to adequate adjustments in subsequent energy intake. [1] [2] [3] [4] [5] [6] These findings suggest that snacks are consumed in addition to meals and therefore lead to a higher daily energy intake. Observational studies, however, do not provide consistent evidence on the associations between snack consumption and body weight status. [7] [8] [9] [10] [11] Besides, it seems that the average contribution of snacks to total energy intake was relatively constant (30-35%) during the past decades, which suggests that the consumption of snacks is not involved in the increasing prevalence of obesity. 12 The lack of consistent evidence prevents us from making clear recommendations for body weight control. One of the reasons why snacks may contribute to a positive energy balance is their moment of consumption. By definition, snacks are food items that are consumed outside the context of a main meal. Experimental data indicate that dietary compensation is less accurate when the time span between two eating episodes, such as a snack and a meal, is long (180 vs 30 min). 13 It seems that snacks are only capable of suppressing appetite for 1 or 2 h after ingestion, but not substantially thereafter. 14, 15 Appetite may therefore no longer be suppressed during a subsequent meal, resulting in a normal meal intake. It is not clear whether dietary compensation becomes more accurate when people get used to consuming snacks.
Another reason why snack consumption may lead to overconsumption is their energy density. Typical snacks such as cookies, pastries and chips often have a high fat or sugar content and therefore a high energy density (HED). Several studies show that there is no adequate compensation for increases in the energy density of foods. [16] [17] [18] [19] It may therefore be argued that the compensatory response to these typical snacks is inadequate because of their HED. If this were the case, then a HED might predispose people to ingest too much energy. And in line with this suggestion, people might be more capable of maintaining their energy balance when the energy density of snacks is low. The aim of this study was to investigate the effects of snack consumption for 8 weeks on body weight changes in healthy, lean subjects, within a free-living situation. We focused on the influences of the moment when snacks were consumed and of the energy density of snacks. We hypothesized that changes in body weight would be lowest when snacks were consumed with a meal, relative to between meals. In addition, we expected the changes in body weight to be the most substantial when snacks with a HED were consumed. In this paper, we use the term 'snacks' to refer to the intervention products used in this study, both when they are consumed between meals and with a meal.
Subjects and methods

Subjects
Men and women aged 18-35 years were recruited from Wageningen and surroundings, using flyers and a mailing list. Potential subjects were screened with a questionnaire and an interview to determine whether they met the following inclusion criteria: body mass index 18.5-23 kg m À2 ; they habitually consumed snacks (4seven times a week); were in good physical and mental health; were weight stable (o1 kg change in body weight during the past 3 months); did not smoke; had not followed an energyrestricted diet during the past 6 months; had no lack of appetite; and were not restrained eaters (men42.26; women42.80 on Dutch Eating Behavior Questionnaire
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). Normal weight, healthy individuals were selected to study the effects of snack consumption in a situation in which the regulation of food intake is likely to be accurate. Subjects with food allergies or who disliked any of the food products used in the study were excluded. Initially, we included 86 subjects in the study. During the study, four subjects were excluded for lack of compliance (n ¼ 2) or for personal reasons (n ¼ 2), therefore the final sample consisted of 82 subjects. The baseline characteristics of subjects are presented in Table 1 . A comparison of the subject characteristics of the four groups did not reveal any differences in age, body mass index, level of physical activity (PAL), energy requirements or dietary restraint score. Subjects provided a written informed consent. The Medical Ethics Committee of Wageningen University approved the study protocol.
Design
This study used 2 Â 2 conditions with energy density and moment of consumption as factors. For energy density, we used two levels: a HED level and a low energy density (LED) level. Similarly, we had two moments of consumption: with a meal or between meals. Consuming a snack at least 90 min before or after a meal was considered as between meals. Subjects were randomly assigned to one of four groups. To ensure an equal distribution of men, they were allocated to one of the groups by a randomized complete block design. For 8 consecutive weeks, subjects consumed mandatory snacks daily. They visited the laboratory twice a week to collect the snacks and to measure body weight. In week 1 and week 8, additional measurements were taken on daily energy intake, body composition and PAL. Pre-study power calculations showed that 20 subjects were needed in each group to obtain a significant difference of 1.5 kg (Po0.05) in body weight change, with an 80% power. In an experiment in which mandatory snacks of 3.0 MJ per day were consumed, people gained an average of 0.25 kg per week. 2 We therefore considered a difference of 1.5 kg in body weight change during a period of 8 weeks as relevant. Post hoc power calculations revealed that this study had a power of more than 95% to detect a difference of 1 kg in body weight change. This study is registered in Current Controlled Trials as ISRCTN11886432.
Snacks
The snacks used in this study are all commercially available. In each group, snacks provided 25% of energy requirements. This requirement was based on each subject's basal metabolic rate and PAL. 21 For logistical reasons, three groups were formed on the basis of individual energy requirements (o9; 9-11; and 411 MJ per day). Within each energy density level, the same snacks as those consumed with a meal had to be consumed between meals. We therefore selected products that were suitable for consumption at both times. To prevent boredom, different snacks were supplied on a 7-day rotating menu. Products in the LED group had a density of o4 kJ g À1 and a On each day, we offered a cereal product, a sweet and a savoury snack. After the study, subjects anonymously filled out an evaluation questionnaire on the true intake of mandatory snacks, to allow an estimate of compliance.
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Measurements
Body weight. During the study, body weight was measured twice a week to the nearest 0.1 kg, to examine the changes in body weight over time. A digital calibrated scale (Seca Delta Model 707, Seca, Hamburg, Germany) was used. Subjects were weighed after breakfast, wearing light clothing, on days when they visited the laboratory to collect the snacks.
Body composition. Body composition was measured using a Bodpod (Life Measurement Inc, Concord, CA, USA) to investigate any changes in fat mass and fat-free mass. The Bodpod (within-subject reliability of ca. 2%) measures body density using Air-displacement Plethysmography.
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On the basis of body density, we calculated fat mass and fat-free mass using the Siri formula. Measurements were taken in the morning, with subjects wearing a swimsuit. Consumption was allowed until 2 hours before measurement. To standardize measurements, each subject was measured at the same time in weeks 1 and 8.
Physical activity. During weeks 1 and 8, the PAL of subjects was measured to investigate whether they would change their PAL to compensate for the extra energy intake. Subjects had to report their activity in a diary for seven consecutive days, indicating the activities that they had participated in and for how long (hours). 21 During the same period, subjects wore a pedometer (Yamax Digiwalker SW-200, Yamax, Tokyo, Japan) and reported their daily step count.
Energy intake. Before the start of the study (week 0), subjects had to report their 24 h food intake in a diary on two random weekdays to estimate their habitual daily energy intake. In week 1 and week 8, we observed food intakes to detect any changes in energy intake due to the study. In both weeks, subjects consumed their breakfast, lunch and dinner in the laboratory for 2 days. For the two bread-based meals, subjects received foods similar to those they had said they consumed habitually. For the warm meal, one main course was provided, with additional vegetables and a dessert. Subjects were provided with preweighed portions, which were offered at twice the amount they normally consumed to ensure unrestricted consumption. Leftovers of meals were weighed to the nearest 1.0 g. Consumption of any food or drink between meals was reported in a food diary. Energy and macronutrient intakes were calculated using the Dutch Food Composition table. 23 
Data analyses
Analyses were performed using SAS version 9.1.2 (SAS Institute Inc. 2004, Cary, NC, USA). Variables are presented as means (s.d.), unless stated otherwise. For PAL, we first calculated a mean daily level on the basis of the reported 7 days for both week 1 and week 8. Similarly, we calculated a mean habitual daily energy intake on the basis of the reported intake on 2 days (week 0) and a mean daily energy intake on the basis of the observed intakes on 2 days in week 1 and week 8. Missing values in body weight measurements during the study were replaced by the mean value (kg) of the preceding and following body weight measure of the individual.
Changes in body weight, fat mass and fat-free mass, as well as those of energy intake and PAL after 8 weeks, were compared within each group by means of a paired t-test. These same variables were compared between the four groups, using an ANOVA (analysis of variance), in which energy density and moment of consumption and their interaction term were treated as fixed factors. To control for baseline measurements and gender, we added these to the model as covariates. Tukey's test was used for post hoc analyses. Similarly, we investigated the differences in energy intake between week 0 (habitual intake) and week 1 within each group and between the four groups.
We performed a repeated-measures ANOVA to analyze the changes in body weight during the study period. Within this analysis, moment of consumption, energy density level and 
their interaction term were treated as between-subject factors, and time as a within-subject factor. Baseline body weight and gender were added to the model as covariates. P-values o0.05 were considered as significant.
Results
The response rate to the evaluation questionnaire was 76%. Overall compliance seemed to be good, with all mandatory snacks reported to be consumed on 93% of the days. Lowest compliance was found in the HED group consuming snacks between meals, in which all snacks were reported to be consumed on 89% of the days. Figure 1 presents data on body weight, assessed with the Bodpod, in week 1 and week 8. In LED groups, body weight increased from 64.6 kg (s.d. 6.6 kg) to 65.0 kg (s.d. 6.3 kg) in the between-meals group, and from 63.5 kg (s.d. 9.1 kg) to 63.6 kg (s.d. 9.5 kg) in the with-a-meal group. In HED groups, body weight increased from 62.2 kg (s.d. 6.8 kg) to 62.3 kg (s.d. 6.7 kg) in the between-meals group and from 60.3 kg (s.d. 6.6 kg) to 60.9 kg (s.d. 7.0 kg) in the with-a-meal group, which was the only significant increase in body weight throughout the study (P ¼ 0.004). Changes in body weight were, however, not significantly different between the four groups, which indicates that neither moment of consumption nor energy density or their interaction had any influence on changes in body weight.
Body weight and composition
Changes in body weight during the study are shown in Figure 2 . Changes over time differed between the LED and HED groups, with a time Â energy density interaction, P ¼ 0.02. Body weight in LED groups increased slightly during the last weeks of the study, whereas body weight in HED groups was more stable. Differences, however, were minimal, as can be observed in Figure 2 . There was no significant interaction between time Â moment of consumption.
The percentage of body fat in LED groups increased from 23.2% (s.d. 6.6%) to 24.0% (s.d. 6.7%) (P ¼ 0.007) in the between-meals group, whereas it increased from 20.9% (s.d. 7.3%) to 21.7% (s.d. 7.3%) (P ¼ 0.01) in the with-a-meal group. There were no significant changes in the percentage of body fat in groups consuming HED snacks. Changes in body fat were not significantly different between the four groups; neither moment of consumption nor energy density influenced the percentage of body fat.
Energy intake
The habitual daily energy intake as assessed by food diaries (week 0) and the energy intake during the study (week 1 and week 8) are presented in Figure 3 .
Within each group, the observed total energy intakes (including mandatory snacks) in week 1 and week 8 were significantly higher than the reported total energy intake in week 0 (all P's o0.01), except for the LED witha-meal group (P ¼ 0.07 in week 1 and P ¼ 0.08 in week 8). Within each group, there were no differences in total energy intake between week 1 and week 8. Between the four groups, there were no differences in change in total energy intake, either between week 0 and week 1 or between week 1 and week 8. This indicates that energy intake remained stable throughout the study and that energy intake did not depend Figure 1 Mean (s.e.m.) body weight (kg) of the four study groups in week 1 and week 8. Snacks were consumed for 8 weeks and were low (LED) or high (HED) in energy density and were consumed between meals or with a meal. *Difference between week 1 and week 8, P ¼ 0.004. Changes in body weight did not differ between the four groups. Figure 2 Mean changes in body weight (kg) during 8 weeks of snacks consumption. Body weight was measured twice a week. Snacks were low (LED) or high (HED) in energy density and were consumed between meals or with a meal. A significant time Â energy density interaction was observed, P ¼ 0.02, corrected for baseline weight and sex.
Snack consumption and body weight M Viskaal -van Dongen et al on the energy density of snacks or on the moment snacks were consumed. Energy intakes of snacks (both mandatory and nonmandatory) and main meals were also investigated separately. We found that in week 1, relative to week 0, nonmandatory snack consumption was significantly decreased within each group (all P's o0.03), except for the HED witha-meal group (P ¼ 0.3). The nonmandatory snack intake remained stable in week 8, relative to week 1. Between the four groups, there were no differences in change in nonmandatory snack intake, either between week 0 and week 1 or between week 1 and week 8.
When considering the energy intakes of main meals together, there were no changes in intake between week 0 and week 1 within each group, except for the LED between-meals group (P ¼ 0.02). The increase in energy intake in this group was due to a higher energy intake in the second bread-based meal (P ¼ 0.005). A comparison of changes in energy intake between the four groups in week 0 and week 1 showed a small main effect of moment of consumption (P ¼ 0.053), where the with-a-meal groups lowered energy intakes from main meals in week 1, relative to the between-meals groups. These differences originated from breakfast (eating moment P ¼ 0.04) and the second bread meal (eating moment P ¼ 0.02, data not shown).
There were no differences in changes in energy intake from main meals between week 1 and week 8, either within or between groups. This indicates that energy intake remained stable throughout the rest of the study. No effects of energy density were found.
Physical activity
Physical activity level, as estimated by the diary, revealed no differences in week 1 and week 8 within each group or between the four groups. This was supported by the daily step counts, in which we did not find any differences between the four groups either. Considering the step counts within each group, however, showed a significant decrease from 11 000 steps to 9416 steps (P ¼ 0.003) in the LED between-meals group. Despite these decreased steps in one of the groups, it seemed that, in general, PAL was rather stable throughout the study.
Discussion
This study, which focused on the effects of snack consumption for 8 weeks on changes in body weight, revealed a small but insignificant increase in body weight, which was not affected by the moment when snacks were consumed and the energy density of snacks. This suggests that, in this particular population, compensation for the consumption of snacks seemed rather accurate. PAL did not change much throughout the study. Although more research is Figure 3 Mean (s.e.m.) daily energy intake (kJ) in week 0 (reported habitual intake), and in week 1 and week 8 (both observed intake), separated into mandatory snacks, nonmandatory snacks and main meals. Mandatory snacks were consumed for 8 weeks and were low (LED) or high (HED) in energy density and were consumed between meals or with a meal.
Snack consumption and body weight M Viskaal -van Dongen et al needed to confirm this, using, for example, doubly labeled water, 24 this observation suggests that subjects mainly compensated by adapting their energy intake. This is supported by previous studies showing that total energy expenditure is not affected by meal frequency, which suggests that any effects of snack consumption on body weight are mediated through energy intake and not energy expenditure. 7, 25, 26 Surprisingly, we found that energy density had no effect on body weight changes. It was previously shown that energy density increased total daily energy intake. 27 This suggests that people should ultimately gain weight on a HED diet. This is indeed supported by two longitudinal studies, in which women on a HED diet gained more weight after 6-8 years than women on a LED diet. 28, 29 Similarly, two long-term weight loss trials showed that weight loss in overweight and obese subjects was highest when the diet was low in energy density. 30, 31 Because we provided all groups with the same amounts of energy, the LED groups received more foods in terms of weight and volume than HED groups. We therefore hypothesized that LED groups would feel fuller after consuming the snacks and because of that, would reduce their intakes at other eating episodes. We found, however, that body weight was not influenced by energy density. A first explanation for this lack of effect is that our study population consisted of lean, healthy and weight-stable young adults, without any eating disorders, who already managed to stay lean within the current obesogenic environment. They may regulate their energy intake mainly on the basis of internal satiety signals, and may therefore not be susceptible to a HED. This homogeneous population was selected to enable us to link any changes in body weight to the intervention, without any ethical concerns with regard to weight gain in already overweight people, and to control for other confounding variables such as restraint eating. In addition, we could study the physiological effects of snack consumption in a situation in which no disturbances in the regulation of food intake were to be expected. Whether similar results would be found in a population that is prone to gain weight more easily, such as overweight subjects, who may rely more on external signals to regulate their food intake, should be investigated. Our results are in accordance with a suggestion by Stubbs and Whybrow 32 , who state that, in the long term, people may compensate more accurately for energy density, because of repeated exposure. A second explanation for our results, in line with this suggestion, is that we used familiar snack products. Because of previous exposure to these products, subjects may have been capable of accurately estimating the energy content. In turn, this may have enabled an adequate compensatory response. A third explanation is that subjects who consumed the LED snacks, consisting of fruits, vegetables and yoghurts, may still have experienced an appetite for sugary or savoury products and consumed them accordingly, despite the energy they already ingested. It was shown recently that when people think that they consume a healthy snack, they consume 35% more than when the snack is perceived as unhealthy. 33 A similar phenomenon may have occurred in this study, in which subjects perceived LED snacks as healthy and as a result they were not preoccupied with the energy content of these snacks. With regard to moment of consumption, we found that subjects regulated their food intake independent of when snacks were consumed. Body weight did not increase when energy intake between meals was 17% (with-a-meal groups) of the total daily energy intake, but neither did it increase when this intake was 37% (between-meals groups). Our findings are in line with a long-term weight loss trial with obese subjects, in which no differences were found in weight loss between subjects consuming three meals a day and subjects consuming three meals and three snacks a day (equicaloric). 11 The results of the current study are supported by a study by Johnstone et al. 34 as well, in which adequate dietary compensation was found for food intake between meals in lean subjects. In literature, two hypotheses with regard to meal frequency can be found.
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The first one is that multiple eating moments may ameliorate the ability to control energy balance, because of more opportunities to compensate for previous eating episodes. This suggests an adequate physiological energy regulation. This hypothesis is supported by an experiment in which people with a high eating frequency compensated accurately, whereas people with a low eating frequency did not. 35 The second hypothesis is that, with multiple eating moments, there may be more opportunities to consume too much energy. This hypothesis is supported by studies in which no adequate compensation was found for energy intake between meals. 1, 5 Both hypotheses may be true, but apply to different people. Physiological control may be adequate in some, but clearly not in all people, otherwise we would not face an obesity epidemic. In this study, we could not find clear evidence for either one of these hypotheses. This supports the idea that snack consumption in itself does not necessarily contribute to weight gain, at least in normal weight individuals. The present study is, to the best of our knowledge, the first study to measure the effects of 8 weeks of snack consumption in a free-living situation, taking into account the moment when snacks are consumed. In this naturalistic setting, we can observe the effects of snack consumption and the compensatory response, without any effects that you might encounter in a laboratory setting. This enhances the external validity. At the same time, this free-living situation results in a limitation. There was no strict control on compliance. An anonymous questionnaire indicated that compliance was rather good (93%); however, we know nothing about subjects (24%) who did not return this questionnaire. A limitation that is common in human behavioral studies, and may apply to the present study as well, is that people become aware of their own behavior and adjust it consciously. Because in this study, body weight Snack consumption and body weight M Viskaal -van Dongen et al was measured twice a week, it is possible that subjects were aware of the objectives. Although subjects were not allowed to monitor their body weight during the study, any cognitive influences on the compensatory response, in addition to physiological responses, cannot be ruled out. Another point that needs to be addressed is the discrepancy between the reported energy intake in week 0 (B9-11 MJ) and the observed energy intake in week 1 and week 8 (B11-13 MJ). This higher energy intake during the study was not reflected in changes in body weight. If subjects had truly increased their energy intake during the study, relative to the intake in week 0, they would have gained B2.5-4 kg in body weight. 36 However, subjects gained only 0.1-0.6 kg. This suggests a measurement error, rather than an actual change in energy intake. Because energy intake in week 0 was self-reported by means of a food diary, it is likely that subjects underreported their intake. We therefore cannot conclude that subjects increased their intake during the study, relative to their energy intake before the study. On the basis of our observations, we conclude that a healthy, lean population does not gain weight after consuming snacks for 8 weeks, which suggests an adequate compensation to prevent weight gain, mainly by dietary adjustments. Body weight was not affected by the moment snacks were ingested, which suggests that consuming foods between meals does not necessarily lead to an increase in body weight, at least in a nonobese, healthy population. Energy density of snacks did not influence body weight either. The influences of moment of consumption and energy density should be studied in populations that, behaviorally or genetically, may be prone to gain weight, before any general recommendations on snack consumption can be made for weight management. All subjects in this study regularly consumed snacks. This may have facilitated dietary compensation, in which nonmandatory snacks have been replaced by mandatory products. 2 Therefore, it needs to be investigated to what extent snack consumption influences long-term energy balance in people who do not regularly consume foods between meals.
